Abstract. This paper investigates the features of preearthquake ionospheric anomalies in the total electron content (TEC) data obtained on the basis of regular GPS observations from the IGS network. For the analysis of the ionospheric effects of the 26 December 2004 Indonesian earthquake, global TEC maps were used. The possible influence of the earthquake preparation processes on the main lowlatitude ionosphere peculiarity -the equatorial anomaly -is discussed. Analysis of the TEC maps has shown that modification of the equatorial anomaly occurred a few days before the earthquake. For 2 days prior to the event, a positive effect was observed in the daytime amplification of the equatorial anomaly. Maximal enhancement in the crests reached 20 TECU (50-60%) relative to the non-disturbed state. In previous days, during the evening and night hours (local time), a specific transformation of the TEC distribution had taken place. This modification took the shape of a doublecrest structure with a trough near the epicenter, though usually in this time the restored normal latitudinal distribution with a maximum near the magnetic equator is observed. It is assumed that anomalous electric field generated in the earthquake preparation zone could cause a near-natural "fountaineffect" phenomenon and might be a possible cause of the observed ionospheric anomaly.
Introduction
The problem of earthquake forecasting is one of the major unsolved tasks of modern geophysics. Due to the last year's events, the development and improvement of forecast methods have taken on added urgency. To this end, intensive research in the field of using seismo-ionospheric effects, together with traditional methods of geophysical forecastCorrespondence to: I. E. Zakharenkova (zakharenkova@mail.ru) ing, are being conducted into developing various methods of earthquake forecasting.
Since the Alaska earthquake of 28 March 1964 (M=9.2) research into the seismogenic origin of anomalous effects in different ionosphere parameters have been carried out (Davis and Baker, 1965; Datchenko et al., 1972; Larkina et al., 1983; Liperovsky et al., 1992) .
The launch and evolution of the GPS and GLONASS satellite navigating systems, along with the creation of specialized projects investigating earthquake and volcanic eruption effects in the atmosphere and ionosphere and the vigorous development of worldwide and numerous regional networks of satellite signals receivers, have all led to a new stage of research into ionospheric variations observed before and after strong earthquakes. As a result, over the last 10 years many articles have been published dealing with explanations of the physical mechanisms of lithosphere-ionosphere coupling, along with descriptions of the main features of seismoionospheric phenomena and the first results of a statistical analysis of pre-earthquake effects (Gokhberg et al., 1995; Hayakava, 1999; Hayakava and Molchanov, 2002; Parrot, 1999; Strakhov and Liperovsky, 1999; Pulinets and Boyarchuk, 2004) .
There has been great interest in research into the influence of electrical fields caused by seismic processes on the equatorial ionosphere. It is known that the equatorial anomaly reacts sensitively to all changes (of any origin) in electrical fields. The equatorial anomaly (the Appleton anomaly) is a regular phenomenon of the ionosphere, with a deep plasma "trough" near the magnetic equator and two maximal ("crests") displaced ∼20 • -30 • north and south of it.
The equatorial trough in the latitudinal distribution of electron concentration N e (φ) occurs in the quiet magnetic conditions in the early morning hours, reaches its greatest development in the afternoon and then gradually disappears. Simultaneously with the trough degradation, the anomaly "crests" (i.e. maximal values of N e ) move together toward Published by Copernicus GmbH on behalf of the European Geosciences Union. the equator and, at night, normal latitudinal distribution with a maximum near the magnetic equator is restored. As a rule, if the anomaly is more strongly expressed, the crests are located further from the magnetic equator (Hanson and Moffett, 1966; Abdu et al., 1981; Fejer et al., 1999; Tsai et al., 2001) . In this paper, the ionosphere variability at low latitudes associated with seismic activity in the Sumatra region on 26 December 2004 has been investigated on the basis of the analysis of the TEC maps created by the GPS-IGS community.
The earthquake description
The devastating earthquake in question occurred on 26 December 2004. It was the fourth largest earthquake in the world since 1900 and was the largest since the 1964 Alaska earthquake. The earthquake and tsunami caused more casualties than any other in recorded history.
The event magnitude was 9.0. The epicenter position was located off the west coast of northern Sumatra. The geographical coordinates of the epicenter were 3.32 • N and 95.86 • E. The first shock (M=9.0) occurred at 00:58 UT and the series of powerful aftershocks were registered over the next several days. The zone of aftershocks to the December 26 earthquake was over 1300 km long.
The geomagnetic conditions
It is necessary to take into account that the detection of seismo-ionospheric effects is complicated in periods of geomagnetic disturbances, when much stronger variations of the ionospheric parameters "mask" weaker sesmo-ionospheric variations. Figure 1 presents the variations of geomagnetic (Dst) and solar activity indexes (Kp, Ap) in December 2004. The Kp and Ap indexes did not exceed 4, 32, respectively. On the days directly preceding the earthquake, the sum of Kp varied from the minimal value of 6 up to maximal −26. The Dst index shows the presence of a weak ionospheric substorm on 21 December. One can see that the geomagnetic situation was rather quiet on all days prior to the earthquake.
Data source
Current GPS techniques are some of the most efficient means of searching for seismo-ionospheric precursors. In recent years, the ionosonde network has been reduced, while in contrast, the GPS network is being expanded. The GPS permanent network provides regular monitoring of the ionosphere on a global scale with high spatial and temporal resolution of TEC measurements. The data of the ionospheric total electron content (TEC) obtained in the regular GPS observations from the network of IGS stations served as initial data. For the analysis of seismo-ionospheric effects, the global TEC maps in the IONEX format were used. IONEX data are accessible at the site: ftp://cddisa.gsfc.nasa.gov/ pub/gps/products/ionex. The global TEC maps are generated routinely by the IGS community with a resolution of 5 • longitude and 2.5 • latitude and a time interval of 2 h. The high correlation between the electron density of the F2 layer and the TEC confirms that TEC variations can be used to detect seismo-ionospheric anomalies. The accumulated homogeneous material makes it possible to provide a detailed study of the TEC behavior in a particular location and also to add algorithms of seismic anomaly detection in the ionospheric plasma or precursors of seismic activity (Ruzhin et al., 2002; Plotkin, 2003; Pulinets et al., 2005; Zakharenkova et al., 2005 Zakharenkova et al., , 2006 Krankowski et al., 2006) . 
Results and discussion
According to research into seismo-ionospheric responses arising during the low-latitude earthquake preparation stage, it is known that the modification of the equatorial anomaly associated with seismic activity has various display characteristics and is observed from ∼3 days to several hours before the earthquake. These effects are conditionally divided into 3 groups: increasing equatorial anomaly; disappearance of "crests" (the trough filling); disappearance in the form of abnormal change of the trough and "crests" position (Pulinets and Legen'ka, 2002) . It is known that the equatorial anomaly reacts sensitively to any changes in electrical fields of any origin. In the course of the preparatory stage of the equatorial earthquake, there is a penetration of abnormal electrical fields of seismogenic origin into the ionospheric heights, which strengthens or weakens the natural field of equatorial electrojet. It modulates the E×B-drift process and causes the subsequent spatial distribution of electron concentration.
If the zero inclination enters the zone of earthquake preparation, the additional upward plasma rejection arises in the sector above the magnetic equator, causing an increase in the maximal values of electron concentration N e relative to the "crests" of equatorial anomaly and the trough amplification.
For detection of seismo-ionospheric variations, the global TEC maps in the IONEX format were used. The day of 20 December was chosen as a control day, as the quietest day in the period previous to this earthquake. For this research, a sufficiently large region was chosen: the latitudes ranged from −40 up to 40 degrees, longitude -from 50 up to 140 degrees East. Figure 2 shows the spatial-temporal distribution of TEC (TECU=10 16 el/m 2 ) for the control day, two days prior to the earthquake and the day of the earthquake. We can see regular variations connected with the dynamics of equatorial anomaly over the course of time. In addition, the amplification of equatorial anomaly with 06:00 up to 12:00 UT is clearly distinct, and corresponds to 13:00-19:00 h of local time (LT=UT+7).
To consider the spatial sizes and amplitudes of the Appleton anomaly, the global TEC maps for the moment of maximal manifestation of the equatorial anomaly for the Indonesian region are given in Fig. 3 . It is clear that on the days prior to the earthquake, abnormal TEC behavior was observed. The spatial expansion of the equatorial anomaly, as well as significant enhancement of electron concentration at the equatorial anomaly crests was registered. The maximal increase reached the value of 20 TECU or 50-60% relative to the non-disturbed level on 24 December.
For more detailed clarification of the equatorial anomaly dynamics, the meridian sections (λ=95 • E) of TEC spatial structure were constructed (Fig. 4) and the afternoon hours (13:00-19:00 LT) are included. Geographical latitudes are given on the bottom axis and the top axis shows the magnetic inclination I. The arrow points to the latitude of the epicenter position. The average, calculated for the period from 10 December to 20 December, is denoted by a black line; the green line reflects TEC variation for the control day (20 December). For 25 December (the red line) the increase in TEC values with displacement of maximal significance to the southern direction is observed. For 24 December (the dark blue line), a clear TEC increase is observed and for 10:00 UT (17:00 LT) there is the northern "crest" in the section structure. Similar sections for the appropriate evening and night hours (21:00-03:00 LT) are shown in the second part of Fig. 4 . The increase of TEC variation for 24 December (dark blue line) is still marked. On the day prior to the earthquake, the abnormal transformation of the section of TEC values (red line) is fixed and differs essentially from the images of the average line and the control day line. The given variation represents the occurrence of precisely expressed "doublecrests" and a small trough. The trough (minimum) is situated directly above the epicenter area.
For a more visual demonstration of this phenomenon, separate diagrams for the period of 18-26 December were analyzed. Figure 5 presents the meridian sections for the moment of the anomaly maximum manifestation -18:00 UT corresponds to the 01:00 LT. The comparison of the current day values (color lines) and average meaning (black line) shows that during 18-20 December there are some differences, but the curve shapes are rather similar. However, after 21 December we can see the formation of a doublecrest curve with a trough near the epicenter. It was observed each day prior to the earthquake, except the day of 24 December when a day-long enhancement of electron concentration was registered. One can see the most well-defined effect on 25 December, a few hours prior to the earthquake itself. In addition, this anomaly was observable for several days about 18:00 UT (01:00 LT) and other evening and night hours (21:00-03:00 LT) when it was registered only once, on 25 December.
Recently, Liu et al. (2001) studied the ionospheric variations observed prior to the Chi-Chi earthquake. For this purpose, the Chung-Li ionosonde measurements, as well as the TEC data of the network of 13 GPS receivers were used. The earthquake epicenter position was located in the area of the northern crest of the equatorial anomaly. Thus, the crest displacement caused considerable modification of the diurnal TEC variations over the GPS station. In this case, the results showed that the equatorial anomaly crest moved towards the equator and f 0 F2 as well as the TEC value significantly decreased 1, 3 and 4 days before the earthquake. It was suggested that the upward electric field near the epicenter and/or the equator-ward neutral wind in the ionosphere stimulated the equator-ward motions and significant TEC decreases in the equatorial anomaly crest.
In the current case, the earthquake epicenter position was located in the area of the anomaly trough between crests. It was assumed that the largest influence would be found in the region nearest to the epicenter close to the magnetic equator. Depueva and Ruzhin (1993) have used the Alouette data to investigate the possible anomalous influence of earthquake preparation processes with the epicenter located near the magnetic equator on the F2 layer latitudinal distribution. It was found that approximately one day before the earthquake, the dependence f 0 F2(I) took the shape of a doublecrest curve with a trough near the epicenter. This modification was registered during the evening and night hours (LT), though a similar ionospheric structure (certainly, with greater amplitude) can be observed only in the daytime. Hence, the modification of the equatorial anomaly associated with Indonesian earthquake had various characteristics and was observed from ∼3-4 days to several hours leading up to the initial shock. At the final stage of the Sumatra earthquake preparation, 2 modifications to the TEC distribution were found. For 2 days prior to the event, a positive effect was observed as a daytime amplification of the equatorial anomaly. Maximal enhancement in the crests reached 20 TECU (50-60%) relative to the non-disturbed state. Over the previous days, in the evening and night hours (local time), a specific transformation of the TEC distribution had taken place. The structure, an anomaly with two crests and a trough, was observed, though at this time the equatorial anomaly usually disappeared.
Conclusions
The TEC map analysis has shown that modification of the equatorial anomaly occurred a few days prior to the earthquake. The daytime amplification of the Appleton anomaly was registered during several days prior to the main event. A spatial size increase and maximal values enhancement also took place 2 days before, and the ratio of crests and trough electron concentration was more pronounced than for other days of the discussed period. In addition, according to the ionosphere total electron content data, it was found that in the days prior to the earthquake, the meridian section of TEC spatial structure took the shape of a double-crest curve with a trough near the epicenter. The effect was most pronounced in the evening and night hours (local time) on 25 December, though usually at this time the restored normal latitudinal distribution with a maximum near the magnetic equator is observed. It is assumed that an anomalous electrical field generated near the epicenter during the earthquake preparation stage could have caused a near-natural "fountain-effect" phenomenon and might be a possible cause of the observed ionospheric anomaly. Thus, the seismo-ionospheric effect occurred as a specific modification of the equatorial anomaly.
It is believed that further analysis of this problem will lead to improved short-term earthquake prediction abilities in seismo-active regions.
